In this communication, the term "mitotic apparatus" (abbreviated MA) will refer to the ensemble of structures constituting the "chromatic" and "achromatic" figures in the classical descriptions of mitosis (e.g., Flemming,I Wilson2). It includes spindles, asters, centrioles, nuclei (before breakdown) and chromosomal structures (after breakdown of the nuclear membrane). The classical pattern of mitosis describes the coordinated behavior of these elements without implying that they are integrated into a physical entity to which such a term as "mitotic apparatus" could be applied. Our observations, as will be seen, do indicate the existence of just such a physical association of the various elements, per.mitting their isolation as a single body, and thus the use of the term seems to be justifiable.
informative avenues of information have been: (a) Staining (e.g., Tahmisian and Brues,4 Mazia, Brewer and Alfert6), (b) polarized light studies (e.g., Inoue and Dan, 6 Swann'9) , (c) electron microscopy (e.g., Rozsa and Wykcoff7), (d) hydrostatic pressure studies (e.g., Pease8), (e) measurements of anaphase movement of chromosomes (Hughes and Swann9), (f) correlation of dimensional changes of MA with the progress of cytoplasmic division (Dan'0) . An enormous literature on the destruction of the MA by antimitotic agents has yielded little insight into its nature. It is evident that the avenues of information have been entirely visual, and that the MA presents exceptional difficulties because it is a structure without a boundary, whose parts are mingled with other cytoplasmic constituents.
In the following we describe methods for isolation of the MA in quantity from populations of dividing sea urchin eggs. The somewhat unorthodox methods described were developed after numerous failures with procedures involving disruption of living eggs. Such procedures sometimes yield the MA from a few individuals.
Daniellill reports briefly on experiences in liberating the MA from eggs by osmotic rupture.
A. The Quantity Isolation of the MA The instability of the MA is evident in its natural behavior. It is a structure that seems dramatically to differentiate out of seemingly undifferentiated cytoplasm when division is about to take place and to disappear back into the cytoplasm after division is over. Minor disturbances of the dividing cell cause it to disappear reversibly. It therefore appeared that the best approach to isolation was first to stabilize it, preferably by methods subject to biochemical interpretation.
1. Preparation of Material.-The eggs of the sea urchins Strongylocentrotus franciscanus and S.-purpuratus were employed. In order to obtain pure MA preparations, it was necessary to remove the fertilization membranes and this was accomplished, before fertilization, by treatment for 10 (2) The isolation of the MA by the selective action of detergent is possible only after previous "fixation" in subzero 30 per cent ethanol and treatment with an oxidizing agent.
(3) The fact that the treatment with an oxidizing agent produced the desired result does not in itself imply that the reasoning behind the procedure is correct.
While the "fixation" procedure described was essential, its very mildness created a complication. Catalase apparently was not denatured, and when the "fixed" eggs were treated with peroxide a great deal of foaming resulted. Thus the final concentration of peroxide cannot be defined without analysis. Where eggs had been in storage too long, and catalase activity was much reduced, the cytoplasm was correspondingly more resistant to dispersal, and the isolation less successful.
Details of two procedures will be given, which we have termed the "lowperoxide" and "high-peroxide" methods. The difference between the methods tends to support the reasoning underlying their development. After exposure to a low concentration of peroxide, the MA may be isolated by using a small volume of Duponol for a short time, but slowly dissolves in larger amotints of Duponol. After treatment with a higher concentration of peroxide, the MA is isolated only by use of a large amount of detergent for a longer time. The behavior is determined by the amount rather than concentration of detergent, confirming the statement of Putnam'2 that the solubilization of proteins by detergents is a function of weight-to-weight relationships rather than of concentration as such.
(1) "High-Peroxide" Method: The fixed eggs are removed from the cold chamber and immediately mixed with an equal volume of 12-15 per cent H202. There is considerable foaming, but the evolution of oxygen declines as the catalase becomes inactive. The eggs are left in this mixture for 30 minutes at room temperature. In phase contrast, the fibrous elements of the MA appear sharper and more refractile than before treating with H202. To the mixture, 20-25 volumes of 1-2 per cent Duponol D in water are added. The mixture is left at room temperature for 3 hrs. The liberation of the MA is aided by stirring, but in any case the cytoplasmic granules spontaneously disperse, leaving the free MA. At the end of the period the MA, which are much heavier, are collected by centrifugation at 500 g. for 3 minutes (Servall SS-1 at 30 volts). In cases where undissolved eggs are present (e.g., where process of removal of fertilization membrane was not completely effective) these still heavier bodies may be removed by centrifugation at 500 g. for 1 minute. (Times given are periods during which the centrifuge motor was energized, not times at maximum speed.)
The MA preparation is purified by resuspending in water, and centrifuging again in the same way. It is advisable to repeat this at least 3 or 4 times, not only to remove the last granules but also to remove the excess detergent, which forms tactoids at low temperatures and inconveniences observation and analysis. The suspension of MA in water may be stored for several weeks at refrigerator temperatures without drastic changes in morphology.
(2) "Low-Peroxide" Method: In this procedure the eggs are placed in an equal volume of [3] [4] Material "fixed" in sub-zero 30 per cent ethanol and dispersed mechanically in water. One MA remains inside unbroken egg, the other is isolated from an egg whose cytoplasm has been dispersed. X 240. B. The Structure of the Isolated MA 1. Cytological Features.-The isolated MA is rather difficult to detect by ordinary microscopic illumination, and all observations and photographs have employed phase contrast microscopy.
The following statements will refer primarily to MA prepared by the peroxide-detergent methods. In general, the MA as isolated conforms in structure to the picture described in the classical cytological observations on sea urchin eggs (e.g., Wilson'3) . Figure 4 , Plate 1, shows several ;solated MA from cells in metaphase. The asters, spindles and spindle fibers, and centrioles are evident. The chromosomes also are retained, at least through the earlier stages of isolation, but are rather small and do not appear distinctly in the photographs. The astral rays do not show quite so sharply in figure 4 because of interference by those oriented along the microscope axis, and are much clearer in figure 5, which is a similar preparation but slightly compressed.
The synchrony of the division of a population of sea urchin is not perfect, and if, as in all the experiments included in this paper, the cells are collected when the majority are in metaphase, some will be in stages that are earlier or later than this. Cases of earlier stages are clearly evident in figure 3 , Plate 1, since the presence of nuclei with membranes is rather conspicuous. Figure 6 shows a field which contains the MA of a cell with the nuclear membrane remaining and one in telophase. In the former, one sees the growing asters in association with the nucleus. In the latter, it is clear that the asters are larger than in the earlier stages shown in figures 3 and 4 and near the center of the asters the reconstituting nuclei are seen. An, interesting feature of this telophase MA is the suggestion of a plate across the spindle equator, which may correspond to the "midbody" of the classical descriptions (Wilson2' 13).
The behavior of the MA as a single physical entity applies even to mitotic abnormalities such as multipolar spindles. Figure 7 shows an isolated tetrapolar MA resulting from polyspermy. Such configurations of the MA retain their interest because of the difficulties they create for simplified theories that reject the reality of the fibrous elements and appeal to plusminus attractions, fields of force or tactoid formation.
From the cytological standpoint, the observations thus far permit a number of conclusions. Perhaps the most significant is that the whole MA, including ckromatic and achromatic, nuclear and cytoplasmic elements behaves as a single unit in the isolation procedure. It is conceivable, of course, that this physical association is some artefact of the method, but the normal expectation would have been that the method would result in the disruption of such associations as that between asters and spindles or asters and fusion nuclei. In addition to the suggestion that the elements of the M X are associated into a single physical entity, the results define a chemical order of unity. Since the method depends on differential resistance to solubilization by detergent, it might have been predicted that some elements of the MA would be preserved while others were dispersed. Instead, we obtain the complete apparatus as defined cytologically.
Occasionally asters were separated from the spindles as a result of handling. Here one often observed in the aster an "insertion cone" where the spindle had been attached, while the spindle poles thus freed from the asters showed convergent ends. In no case were "half-spindles" recovered. It can definitely be said that there are spindle elements which are continuous from pole to pole at all the stages of anaphase and early telophase and are not broken by the mechanical stresses to which they are subjected in these procedures.
2. The Question of Artefact.-Progress toward an understanding of the mitotic apparatus has been deterred by seemingly endless discussion of artefacts of cytological technique (summarized by Hughes3). The introduction of the electron microscope has merely reduced the size of the alleged artefacts and reintroduced purely visual criteria of "good" and "bad" fixation that had become obsolete in light microscopy. The controversy about the reality of spindle fibers will probably be settled by observations such as Inoue's14 polarization-microscopic records of their appearance in living material.
In the case of the sea urchin egg, the subject of the present study, a number of the elements of the MA are observable in the living,6 though obscured by cytoplasm, and, in the development of the present isolation technique, it was possible to follow the major structures through all stages from the living to the final isolated product. Following such a procedure, it is clear that no structures are created in the process, although the structural details may conceivably be modified. The successful isolation of the whole MA as a stable coherent structure would seem to eliminate such views as that the astral radiations are fluid channels outlined by cytoplasmic granules or that the spindle fibersarelinesof precipitation due to mechanical stress. At least, a mechanism whereby treatment with subzero 30 per cent alcohol would transform the postulated liquid channels or lines of stress into strong fibrous units possessing characteristic arrangement and dimensions at each stage of mitosis is not obvious. On the contrary, the findings are in accord with the notions of Dan and collaborators6"15 concerning the physical nature of the spindle and aster.
Perhaps the question of the "normality" of the structure obtained by isolation is not meaningful; it still contains an element of cyclic reasoning since the norm is practically derived from fixed material. More with his microscope. Figure 8 shows the birefringence of the 02o C. Chemical Properties.
The ultra-violet absorption of the protein of the mitotic apparatus. Upper curves show the 1. Separation of MA Proabsorption spectra at neutral pH of the material tein.-The MA prepared by recovered from the first (solid circles) and second the peroxide-detergent method (crosses) precipitation. Lower determine the amount of protein isolated per unit MA. Crystalline bovine serum albumin was used as a standard. The number of MA per unit volume of suspension was determined by the use of a hemocytometer. This was compared with the amount of protein per egg. In the case of the egg of Strongylocentrotus franciscanus, the amount of protein recovered after two isoelectric precipitations was 2.4 X 10-gm. per MA. The amount of protein per egg was 1.4 X 10-4 mg. Thus, about 2 per cent of the protein present is used in the formation of the MA. These figures have only order-of-magnitude significance, as the accuracy of the counts is not very high.
2. Ultra-violet Absorption.
--Text figure 1 shows the ultra-violet absorption curves of the MA protein after the first and second isoelectric precipitations, the material being redissolved each time by addition of sufficient alkali to bring to a pH of about 7.5. The two upper curves coincide, show-
The ultra-centrifugal pattern of the protein recovered from isolated MA after 2 precipitations. Concentration Only one boundary is apparent. The sedimentation constant was approximately 4.0 svedberg units. A possible particle weight was estimated, making the assumption of spherical shape and 30 per cent hydration.' The weight comes out to be of the order of magnitude of 45,000.
The presence of a single boundary is impressive, in view of the morphological complexity of the MA, but need only imply that other colloidal particles are present only in small amounts. The most reasonable first conclusion would be that we are observing the behavior of a protein constituting the asters and spindle, which accounts for the bulk of the MA. It would be implied that asters and spindles are composed of the same protein even though there is much cytological evidence that they differ in behavior.
The apparent small size of the particles obtained by dissolution of the MA is surprising at first sight, but finds an analogy in the case of actin of muscle, which forms fibrils by polymerization of relatively small particles.
In further work, the MA protein will have to be obtained in solution by a method less drastic than treatment with strong alkali before conclusions allowing physiological interpretations can safely be drawn.
4. The Role of S-S Linkages.-The MA isolated directly from alcohol is soluble in Duponol. After treatment with dilute H202 it is less soluble, and after concentrated H202 quite insoluble. This relationship suggested that the stability toward Duponol is related to the number of S-S linkages present, but the practical success of the reasoning does not necessarily prove that it is correct.
If the interpretation is correct, then reduction of S-S linkages should render the isolated MA more soluble in detergent. To test this, MA isolated by the peroxide-Duponol procedures were treated with a 5 per cent solution of sodium thioglycollate, at pH 8. The MA did not dissolve, although they gave a visual impression of softening, curling, etc. If 1 per cent Duponol was then added, the MA dissolved completely. Alternatively, a solution containing 5 per cent thioglycollate and 1 per cent Duponol may be used. The MA dissolves immediately in this. Therefore, the characteristic action of H202 on the stability toward detergent may be reversed by a treatment that would reduce S-S groups.
The alkaline thioglycollate solution used by Goddard and Michaelis20 to dissolve wool did not dissolve the MA, but made it visibly more flexible and more soluble in stronger alkali and in Duponol. This might suggest that the essential morphology of the MA does not depend on S-S linkages alone.
